1] Isotope systematics of basalts provide information on the distribution of mantle components and the length scale of mantle heterogeneity. To obtain this information, high data and sampling density are crucial. We present hafnium and neodymium isotope data on more than 400 oceanic volcanics. Over length scales of several hundred to over one thousand kilometers hafnium and neodymium isotopes of mid-ocean ridge basalts are correlated and form an array of parallel trends on a global scale. On a larger scale these domains differ in the amount of highly depleted mantle material with radiogenic hafnium and neodymium isotope ratios. Compared to the Atlantic and Indian Ocean basins the asthenosphere of the Pacific basin seems to have a more uniform and a less radiogenic Hf isotopic composition for a given Nd isotopic composition. The parallel arrays of mid-ocean ridge basalts provide strong constraints on the makeup of the MORB mantle and are evidence for the presence of a highly depleted and highly radiogenic neodymium and hafnium component. This component, because of its highly depleted character, is unrecognized in the strontium-neodymium-lead isotope systems alone. Alternatively, the parallel arrays can have an ancient origin of systematic variations in the degree of depletion. Each array then represents the variations in this fossil melting regime. Individual ocean island basalt suites display different slopes in hafnium-neodymium isotope space, which are also best explained by varying amounts of highly residual mantle rather than isotopic differences in enriched mantle components as previously invoked. The ocean island basalt arrays diverge at
[1] Isotope systematics of basalts provide information on the distribution of mantle components and the length scale of mantle heterogeneity. To obtain this information, high data and sampling density are crucial. We present hafnium and neodymium isotope data on more than 400 oceanic volcanics. Over length scales of several hundred to over one thousand kilometers hafnium and neodymium isotopes of mid-ocean ridge basalts are correlated and form an array of parallel trends on a global scale. On a larger scale these domains differ in the amount of highly depleted mantle material with radiogenic hafnium and neodymium isotope ratios. Compared to the Atlantic and Indian Ocean basins the asthenosphere of the Pacific basin seems to have a more uniform and a less radiogenic Hf isotopic composition for a given Nd isotopic composition. The parallel arrays of mid-ocean ridge basalts provide strong constraints on the makeup of the MORB mantle and are evidence for the presence of a highly depleted and highly radiogenic neodymium and hafnium component. This component, because of its highly depleted character, is unrecognized in the strontium-neodymium-lead isotope systems alone. Alternatively, the parallel arrays can have an ancient origin of systematic variations in the degree of depletion. Each array then represents the variations in this fossil melting regime. Individual ocean island basalt suites display different slopes in hafnium-neodymium isotope space, which are also best explained by varying amounts of highly residual mantle rather than isotopic differences in enriched mantle components as previously invoked. The ocean island basalt arrays diverge at 1. Introduction [2] Neodymium and hafnium isotopes are well correlated in ocean island basalt (OIB) suites owing to the similar behavior of the parent-daughter pairs, 147 Nd and 176 Hf, during partial melting. The parent elements Sm and Lu are more compatible than their radiogenic daughter elements, Nd and Hf, respectively. The presence of garnet affects the magnitude of the fractionation of the Sm/Nd and Lu/Hf ratios, but the effect on the Lu/Hf ratio is larger [Johnson, 1998; Pertermann and Hirschmann, 2003; Pertermann et al., 2004; Salters and Longhi, 1999; van Westrenen et al., 2001] . Hence variations in residual mineralogy, such as the clinopyroxene-garnet ratio during partial melting can, with time, decouple Hf from Nd isotopes. [3] In contrast to OIB, Hf and Nd isotopes are not well correlated on a global scale in mid-ocean ridge basalts (MORB). The apparently large variation in Hf isotopic composition for a given Nd isotopic composition of MORB has been thought to originate from melt extraction from a bulk silicate Earth-like component with different clinopyroxene to garnet ratios [Salters and Hart, 1991] . It has also been proposed that the decoupling is caused by disequilibrium melting of a source of which there is isotopic disequilibrium on the grain scale . Although Hf-Nd isotope variations have previously been inferred to be decoupled in MORB, Pacific MORB generally occupy only the unradiogenic Hf end of the MORB field, whereas Indian MORB extend to more radiogenic Hf isotopic compositions than Pacific MORB [Pearce et al., 1999] . This observation agrees with other studies that have argued for large-scale iso-topic domains in the depleted mantle Dupré and Allègre, 1983] . [4] For OIB the slope of a basalt suite on the Hf-Nd isotope correlation diagram has generally been taken as an indicator of the nature of the unradiogenic components Salters and White, 1998 ]. For example, arrays with shallow slopes are thought to indicate pelagic sediment involvement . At the unradiogenic end the OIB array is defined by samples from Samoa, Pitcairn, Kerguelen and Walvis Ridge that are labeled EMI and EMII. The depleted (radiogenic) end of the OIB array lies in the MORB field, and FOZO [Hart et al., 1992] and C [Hanan et al., 2004] overlap with both OIB and MORB. The HIMU component has a relatively unradiogenic Hf isotope composition for its Nd isotopic composition. This characteristic is compatible with a relatively large contribution of recycled oceanic crust in the mantle source of HIMU basalts [Salters and White, 1998; Stracke et al., 2003a Stracke et al., , 2005 .
highly depleted mantle component are also responsible for the divergence of OIB trends on their depleted end, attesting to the widespread/global importance/presence of highly depleted domains in the oceanic mantle.
Samples and Methods
[6] Data were collected on samples from on or near ridge locations that are expected to represent the depleted part of the mantle source for mid-ocean ridge basalts. Samples from the CHEPR [Langmuir et al., 1986] and PANORAMA cruises cover the East Pacific Rise (EPR) from the 6°N-18°N. This part of the ridge includes three large fracture zones (Siqueiros, Clipperton and Orozco) and several overlapping spreading centers. All basalts are recovered on axis and although the samples are all recovered from ridge depths of more than 2000 m the trace element chemistry of some of them show an enriched character. Enriched (E), transitional (T) and normal (N) MORB occur along the EPR. Enriched samples have K 2 O/TiO 2 ratios higher than 0.15 and have Ce/Yb higher than and Sm/Nd ratios lower than chondritic. TMORB have K 2 O/TiO 2 ratios between 0.10 and 0.15 have Ce/Yb ratios and Sm/Nd ratios higher than chondritic, while NMORB have K 2 O/TiO 2 < 0.10 and Ce/Yb lower than and Sm/Nd higher than chondritic. Sample details for the Panorama cruise are reported in Donnelly [2002] . [7] The samples from the southern EPR are from the 13°S and 23°S area. This section of the ridge is spreading at a superfast rate of 150-160 mm/yr. MORB are all on-axis samples. Major, trace element and isotopic compositions, except for Hf, were previously reported by Mahoney et al. [1994] . Basalts are mainly N-type MORBs, but three T-type MORB as defined by Mahoney et al. [1994] based on Rb/Nd (>0.15) and Rb content (>2 ppm) are also included. We also analyzed samples from the Rano Rahi seamount field, adjacent to the EPR at 15°S-19°S. The majority of the seamounts are formed on oceanic crust less than one million years old. The seamounts furthest removed from the ridge are built on 6.5 Myr old ocean floor [Hall et al., 2006; Scheirer et al., 1996] ; the age difference between the seamounts and their crust varies from 0 to 3 Ma. Although from seamounts, most of the basalts have N-type MORB characteristics and a few range into T-type MORB.
[8] Gorda Ridge samples are again on-axis samples for which major, trace element and isotope infor-mation is available [Davis et al., 2008] . This collection is a combination of ten N-type and eight T-type basalts (K 2 O/TiO 2 > 0.09 [Davis et al., 2008] ).
[9] Twenty-seven Mid-Cayman Rise basalts are from expedition KN54 and OCE23, with the majority of the samples from the segment center and near the northern ridge-transform intersection were analyzed. Basalts from the MCR have high Na 2 O (up to 4.2 wt %) and TiO 2 (up to 2.5 wt %) content compared to other MORBs indicating they represent a low degree of melting [Elthon, 1992; Perfit, 1977; Perfit and Heezen, 1978; Thompson et al., 1980] . [10] Galapagos Spreading Center basalts represent NMORBs, TMORBs and EMORBs which are reported on by Ingle et al. [2010] . The samples were selected to represent the complete range in Nd isotopic composition for this part of the ridge.
[11] Ko'olau samples are new samples from the Makapu'u stage of the Ko'olau volcano. Existing data for the critical Makapu'u stage of the Ko'olau volcano are scarce. We resampled the section of the Makapu'u stage at Hanuama Bay which includes the most unradiogenic Nd end of the range for Ko'olau basalts.
[12] Samples from the Samoan hot spot are from the collections reported on by Workman et al. [2004] and Jackson et al. [2007a Jackson et al. [ , 2007b . Samples cover the complete range of Sr and Nd isotopic compositions reported on; 87 Sr/ 86 Sr ranges from 0.704438 to 0.720469. The samples from Gough, Tristan and St. Helena are from collections previously analyzed for major and trace element concentrations by Stracke [2006, 2010] . Samples from the Cook-Austral chain are from older collections [Dostal et al., 1998; Dupuy et al., 1988 Dupuy et al., , 1989 . Samples from Gough, Tristan, St. Helena and the Cook-Austral Islands were analyzed at the Max-Planck-Institut für Chemie in Mainz, Germany. All other samples were analyzed at the National High Magnetic Field Laboratory at Florida State University.
[13] NHMFL methods were as follows. Except for a few cases, for the MORB samples 100 mg of glass was handpicked under a binocular microscope. Glass chips as well as powders were submitted to a mild leach for 1 h in cold 2.5 N HCl. After dissolution samples were processed to extract Pb using the technique described by Manhès et al. [1978] . The Pb-free solution was dried down and Hf is subsequently separated using a slightly adapted form of the technique described by Münker et al. [2001] . Nd fractions are collected and separated using techniques described by Hart and Brooks [1977] and Richard et al. [1976] , respectively. Samples were analyzed for their isotopic composition on the NEPTUNE MC-ICP-MS in static mode using an APEX Q inlet system and an ESI nebulizer with a measured uptake rate of 63 ml/min. For Hf the potential interference of 176 Lu and 176 Yb was monitored with 175 Lu and 173 Yb, but a correction was never needed. Hf isotopic composition was corrected for instrument mass bias using 179 Hf/ 177 Hf = 0.7325; Nd isotopes were mass bias corrected using 146 Nd/ 144 Nd = 0.7219. Long-term reproducibility of the Hf and Nd standard is better 20 ppm (2 standard deviation). Average values are 0.282145 for 176 Hf/ 177 Hf of JMC-475 and 0.511842 for 143 Nd/ 144 Nd of LaJolla standard. Internal precision of the individual analyses is a factor of two better than the external precision. Some of the Samoan samples were analyzed for Hf isotopes using the Lamont Isolab [England et al., 1992] using separation technique and measurement protocol described by Salters [1994] . The Ko'olau samples were treated similarly to the MORB powders and were analyzed on the NEPTUNE MC-ICP-MS. [14] Methods used at the Max-Planck-Institut were as follows. The chemical separation of Hf followed the procedure described in detail by others [Münker et al., 2001] . Hf isotope ratios were measured on a Nu Plasma multicollector ICPMS (MC-ICPMS) in static mode using a CETAC Aridus I inlet system fitted with an ESI Teflon nebulizer with a nominal 50 ml/min flow rate. All isotope ratios were corrected with an exponential fractionation law using 179 Hf/ 177 Hf = 0.7325. 173 Yb was monitored for isobaric interferences of Yb on mass 176 Hf and, based on the natural 176 Yb/ 173 Yb ratio of 0.7939. The contribution of 176 Yb to the 176 Hf signal never exceeded 0.005% during analysis. The JMC-475 Hf standard yielded a long-term average of 0.282161 ± 16 (2 SD of 415 measurements) over a period of 3 years. The procedural blank was <250 pg. Repeated measurements of international reference materials (e.g., BHVO-1 = 0.283104 ± 05; 2 SD, n = 3; BCR-1 = 0.282869 ± 16; 2 SD; n = 4) show excellent agreement with reported literature values [e.g., Bizzarro et al., 2003; Blichert-Toft, 2001 ].
[15] For the Nd isotope analyses at the Max-Planck-Institut für Chemie in Mainz, Germany, sample powders were leached in 6N HCl at 100°C for approximately 4 h and digested in a mixture of HF-HNO 3 . The bulk rare earth elements (REE) were separated with a cation exchange resin AG50W-X8 according to Hart and Brooks [1977] and Nd was purified using LN Spec with the technique described in detail by Pin and Zalduegui [1997] . Nd isotope compositions were determined by thermal ionization mass spectrometry (TIMS) on a Thermo Triton in static collection mode. Instrumental mass fractionation was corrected using 146 Nd/ 144 Nd = 0.7219. The La Jolla Nd standard yielded an average 143 Nd/ 144 Nd of 0.511839 ± 16 (2 SD, n = 24) over the measurement period.
Results
[16] Results for all samples are listed in Data Set S1 in the auxiliary material and presented in Figures 1 and 2. 1 The new data for OIB shows that for each individual island chain the Hf and Nd isotopes are well correlated, but that the slopes of the individual correlations varies significantly (Table 1 ). Figure 2 shows that the Hf-Nd isotopic compositions correlate with a slope of 1.22 slightly shallower than the ocean island basalt array (∼1.35 [Vervoort et al., 1999] ). New data for the islands of Gough and Tristan da Cunha also show correlations between Hf and Nd isotopes although their slopes have a larger uncertainty than the slope for many other OIB suites (Table 1) . This higher uncertainty in the slope is partly due to the limited variation of these islands' basalts. The Cook-Austral sample suite come from a complex geological setting and although are labeled as one island group the time progression is not linear and there are at least four different age progressions represented [Lassiter et al., 2003] . The most HIMUlike basalts are from the islands of Mangaia, Tubuai, Rimirata and Rurutu. The Hf-Nd isotope variation in this group is distinct from the remainder of the Cook-Austral suite and has less radiogenic Hf isotope compositions and seems to curve to a FOZO-like component at radiogenic Nd. The remainder of the data seems to form an array.
[17] Basalts from the East Pacific Rise (EPR) between 6°N and 18°N vary in " Hf from 15.91 to 9.33 and Hf and Nd isotopes are well correlated (see Figure 1 ). The basalts from the ridge segment along the southern EPR shows limited variation in Hf isotopes; " Hf between 16.39 and 13.19. For given Hf isotope values the southern EPR MORB 1 Auxiliary material data sets are available at ftp://ftp.agu.org/apend/ gc/2011gc003617. Other auxiliary material files are in the HTML. doi:10.1029/2011GC003617. have slightly higher Nd isotope ratios. The variations in Nd and Hf isotopic compositions of the samples from the Rano Rahi seamount field overlap with those from the southern EPR but range to less radiogenic Nd and Hf isotopic compositions and more radiogenic Sr and Pb isotopic compositions [Hall et al., 2006] ; the " Hf values range from 15.51 to 8.51. Hf isotopic compositions of basalts from the Galapagos Spreading Center (GSC) vary in " Hf values from 13.54 to 10.33 and have less radiogenic Nd isotope ratios for a given Hf isotope ratio than the EPR basalts. Basalts from the Gorda Ridge (part of the Juan da Fuca Ridge) have somewhat more radiogenic Hf isotope ratios then the EPR and the GSC, " Hf values range from 18.09 to 16.11.
[18] Basalts from the Mid-Cayman Rise have " Hf values ranging from 15.93 to 12.95. Although the range for the Hf and Nd isotope ratios is small, the isotopic compositions are still very well correlated.
The Nd and Hf isotope ratios of the MCR basalts overlap with those for the EPR basalts.
Depleted MORB Mantle
[19] Previously reported Hf and Nd isotope data of MORB are poorly correlated Chauvel and Blichert-Toft, 2001; Salters and Hart, 1991; Vervoort et al., 1996] . Our new data, however, show that Hf and Nd isotopes are well correlated in MORB on a ridge segment scale, even though on a global scale the correlation is poor (see Figure 1 ). In Figure 1 we have plotted data from "normal" ridge segments, i.e., ridge depth in excess of 2000 m, as well as ridges that have clearly interacted with hot spots such as Iceland and the Galapagos Spreading Center. We have also plotted the Rano Rahi seamount field as this seamount field shows no evidence for a deepseated thermal anomaly and is mostly built of Mahoney et al. [1992] , Mertz and Haase [1997] , Meyzen et al. [2005 Meyzen et al. [ , 2007 , Michard et al. [1986] , Murton et al. [2002] , Niu et al. [1999] , Nowell et al. [1998] , Patchett and Tatsumoto [1980] , Patchett [1983] , Regelous et al. [1999] , Salters and Hart [1991] , Salters [1996] , Schilling et al. [1994 Schilling et al. [ , 2003 , Sims et al. [2002] , Vlastélic et al. [2000] , White and Hofmann [1982a] , White et al. [1987] , and Yu et al. [1997] .
MORB-like materials [Hall et al., 2006] . The correlation between Nd and Hf isotope ratios for individual ridge sections is observed in our new data as well as in the published data (see Figure 1 and Table 2 ) and most of the ridge segments that show correlated Hf-Nd isotope variations are included. Figure S1 in the auxiliary material shows the geographic distribution of the ridge segments that show correlations between Hf and Nd isotopes on a local scale. For ridge lengths up to 1400 km, Hf and Nd isotopes can show good correlations. It should also be noted that there are significant areas along the ridge and away from hot spots where there is not enough data to examine whether a correlation between Hf and Nd isotopes exist. To a large extent the length of the ridge segment where Slope and uncertainty are determined by a York-type regression that accounts for the errors of the individual data points [York, 1966] Hf and Nd isotopes are correlated is determined by the availability of the samples. The samples from the southern EPR and northern EPR, for example, appear to fall on one trend although there is a 19°gap between the two segments and those are considered two separate segments. The Pacific Antarctic Ridge (PAR) at 41°S-53°S also overlaps with the EPR although it is clear that the PAR basalts are isotopically different than the EPR basalts [Hamelin et al., 2010; Vlastélic et al., 1999] .
On the other hand the Gorda Ridge 40.5°N-43°N is clearly offset in Hf-Nd isotope space.
[20] The slopes of the MORB arrays are semiparallel and have, by and large, slopes that are within error of the terrestrial array. Except for the South East Indian Ridge from 25°E-41°E, the slopes of the local arrays are within error of each other and the average of all slopes is 1.48. Although the range of slopes is similar to OIB, the slopes for MORBs are in general less well determined because the range in Nd isotopic compositions of most MORB arrays is relatively small. Part of the reason for not observing more segments with correlated Hf-Nd isotope systematics is the lack of data at a fine enough scale. A clear exception to this is the southeast Indian Ridge from 78°E to 117°E [Graham et al., 2006; Mahoney et al., 2002] where sample density is sufficient, but Hf and Nd isotopes are not defining a single trend.
[21] Where correlations do exist, the "local" and Graham, 1996] and FOZO [Hart et al., 1992; Stracke et al., 2005] . Thus in Hf-Nd isotope space the trends do not "focus" to one common composition.
[22] Large-scale domains in the asthenosphere and boundaries between these larger-scale domains have been recognized in several studies [Dupré and Allègre, 1983; Goldstein et al., 2008; Klein et al., 1988; Meyzen et al., 2007] and have shown that the asthenosphere of the Indian Ocean basin is different from the Atlantic and Pacific. Furthermore studies by Agranier et al. [2005] and Meyzen et al. [2005] have shown that there is a periodicity in the contamination of the asthenosphere by plumes, and this periodicity is shorter in the Atlantic and Indian Ocean compared to the Pacific Ocean. These variations, however, are mostly related to enriched components (high-Sr and Pb and low-Nd isotopic compositions) which cannot explain this "stacking" of the arrays in Hf-Nd isotope space. [Hamelin et al., 2010] are not shown in Figure 2 because they completely overlap with the other Pacific data.
[23] A large variation in Hf isotopic composition with limited variation in Nd isotopic composition has been observed in Hawaiian peridotite xenoliths [Bizimis et al., 2004; Salters and Zindler, 1995] and abyssal peridotites [Stracke and Snow, 2009; V. J. M. Salters, unpublished data, 2011] . Extreme radiogenic Hf isotopic compositions of peridotites from continental lithosphere have also been observed in xenoliths from Somerset Island kimberlite, Canada [Schmidberger et al., 2002] , the Wyoming Craton [Carlson and Irving, 1994] and the Kaapvaal province [Simon et al., 2007] but these have relatively unradiogenic Nd: " Nd < 5. Individual mineral phases of peridotites from Vitim, Siberia can reach " Nd of 30 in samples with radiogenic Hf up to " Hf = 43 [Ionov et al., 2005a [Ionov et al., , 2005b as is also the case for mineral in Kaapvaal peridotites [Bedini et al., 2004] . Most of these samples from the subcontinental lithosphere show decoupling between the Hf and Nd that can be explained by depletion followed by carbonatitetype metasomatism and LREE enrichment [Ionov et al., 2005a; Simon et al., 2007] . Addition of this Hf-depleted continental lithosphere could in principle explain the large range in Hf isotopic compositions of the oceanic lithosphere. The unradiogenic Nd isotopic composition and trace element enrichments of this continental lithosphere, however, would associate the radiogenic Hf with unradiogenic Nd and incompatible element enrichment; especially since the Hf/Nd in the metasomatized continental lithosphere is low and the leverage on the Nd isotopic composition is larger than on the Hf isotopic composition of the oceanic lithosphere. There have been several studies that argued for contamination of the MORB source with continental lithosphere or lower continental crust [Hanan et al., 2004; Janney et al., 2005] as examples. These studies invariably relate the contamination of the asthenosphere with continental material with an increase in 87 Sr/ 86 Sr and decrease in 143 Nd/ 144 Nd. The parallel arrays are not consistent with such a component.
[24] Blichert-Toft et al. [2005] argued that the large variations in Hf isotopic composition in MORB for a limited range in Nd isotopic compositions could be explained by disequilibrium melting of a garnetbearing source in which the individual mineral phases were not in isotopic equilibrium. Radiogenic Hf isotope compositions would be the result of preferential melting of garnet over clinopyroxene . Based on diffusion studies of REE in garnet [Van Orman et al., 2002] , however, centimeter-scale equilibration can be expected at peridotite solidus temperatures, 1450°C and 1500°C, in 1-2 million years. It is thus more than plausible that the minerals in the ascending asthenosphere at these temperatures will be in isotopic equilibrium with each other. Furthermore, garnet and clinopyroxene are the hosts for the REE and Hf in peridotite. Based on phase equilibria studies of peridotites the ratio of garnet and clinopyroxene that enters the melt is similar to the modal ratio in the solid [Longhi, 2002] and garnet does not preferentially enter the melt over clinopyroxene. We thus consider this preferential disequilibrium melting scenario of an unequilibrated peridotite source to explain the Hf-Nd decoupling as inconsistent with the available experimental data and thus unlikely. [25] Since the MORB field shows a large range in Hf isotopic composition at the radiogenic Nd side it requires that the origin of this variation is related to a depletion process that decouples Lu/Hf from Sm/ Nd. Salters and Hart [1991] explained the range in Hf isotopic composition by fortuitous but small variations in relatively low degrees of melting and amount of melting in the presence of garnet. However, this model is not very appealing, as the required variations seemed ad hoc and nonsystematic. [26] In order to explain offsetting trends in Sr-Hf and Nd-Hf isotope space of basalts from the southwest Indian Ridge Janney et al. [2005] called upon a depleted component to explain the variation. They argued that a subduction modified mantle, i.e., a MORB source to which a slab fluid was added and which subsequently melted, could develop decoupled Hf-Nd isotope systematics. The REE are assumed to be more mobile than Hf and preferentially enter a slab fluid and the Sm-Nd can thus become decoupled from the Lu-Hf system. The subsequent melting will increase the Sm/Nd and Lu/Hf ratio of the subduction modified source with Sm/Nd still higher than chondritic [Janney et al., 2005] . This source, with time, will develop extremely radiogenic Hf isotope compositions in combination with MORB-like to moderately more-radiogenicthan-MORB-like Nd isotopic compositions.
[27] The involvement of a strongly depleted component or highly depleted oceanic lithosphere as a recycled component is an alternative scenario. This model is simpler but very similar to the Janney et al. [2005] model in the sense that there is no need to call upon a fluid to decouple the Sm-Nd from the Lu-Hf system. Simple residues of partial melting that took place (all or partly) in the presence of garnet will also explain the large variation in Hf isotopes at "constant" Nd isotopic composition. Salters and Zindler [1995] calculated, based on the trace element compositions of abyssal peridotites, that the oceanic lithosphere will quickly develop radiogenic Hf isotope signature, while Nd isotopes would only be moderately radiogenic. They argued that the extreme radiogenic Hf isotopic composition observed in peridotites from Salt Lake Crater, Hawai'i was evidence for the presence of depleted material similar to abyssal peridotite that was subsequently metasomatized. [28] To illustrate how mixtures of variously depleted mantle can result in the large range of radiogenic Hf isotopic compositions with limited variation in Nd isotopic composition we have modeled the isotopic composition of MORB as two component mixing (see Figure 3a ). One component is present-day depleted mantle similar to the MORB source; this component is called DM [Zindler and Hart, 1986] . The second component is strongly depleted ancient lithosphere, i.e., more depleted than the MORB source. This ancient depletion results in extreme present-day isotopic compositions and thus has a large leverage on the isotopic composition of hafnium of the MORB source. This component can be lithosphere residual after melting to yield MORB. We will call this component Residual Lithosphere (ReLish). We have calculated possible parent-daughter ratios and isotopic compositions of ReLish by melting, 2 Gyr ago, of a MORB source that was formed 3 Gyr ago. The melting model uses melt reactions and partition coefficients as determined by studies by Longhi [2002] , Salters and Longhi [1999] , and . The exact parameters of the melting model are given in Table A1 . The calculated residues develop extreme Hf and Nd isotopic compositions in this time with " Hf in excess of 150 and " Nd that can be over 300 for large degrees of melting. The trace element compositions of this calculated ReLish are similar to those of residual abyssal peridotites [Johnson and Dick, 1992; Salters and Dick, 2002] . [29] Mixing of ReLish with DM results in convex curves in Hf-Nd isotope space, especially when part of melting that produces the ReLish takes place in the garnet stability field (see Figure 3) . Again, the isotopic composition of Relish is extreme, both " Hf and " Nd exceed 100, and plots far outside the diagram. Radiogenic 143 Nd/ 144 Nd MORB vary in Hf isotope composition by 12 " Hf units. Mixing calculations as shown in Figure 3 show that such a variation in Hf isotopic composition can be obtained by the addition of up to 50% of 2 Gyr old ReLish to a depleted MORB mantle. The exact amount of ReLish depends on its age, the amount of melt extracted and the amount of ancient melting that takes place in the presence of garnet.
[30] Figure 3a shows the mixing curves for two DM compositions on the low-" Hf side of the MORB field. These two DM compositions can be two components of a "local" array of MORB compositions. Addition of the same amount of ReLish to DM1 and DM2 produces a change in isotopic composition that is of the same magnitude for both DM compositions. In other words the slope of a mixing line between DM1 and DM2 will be parallel to the slope of a mixing line between DM1+ReLish and DM2+ReLish, as long as the amount of ReLish to each DM is the same. An array in Hf-Nd isotope space can be "elevated" in its Hf isotope composition with moderate changes in Nd isotopic compositions by mixing with residual lithosphere and the "elevated" array will be semiparallel to the original array.
[31] The total variation in the MORB source is thus the result at least three components: depleted mantle (DM), residual lithosphere (ReLish) and a less depleted component (FOZO with potentially contaminants of EMI or EMII). The distinction between depleted mantle and residual lithosphere might be semantic only and can be conceptualized as a mixture of variously depleted material of different ages. The Hf-Nd isotope data of MORB suggests that on a "local" scale the amount and type of ReLish is similar but the amount of DM and FOZO varies. On a large scale, i.e., a length scale of more than several hundred kilometers for Indian and Atlantic Ocean basin, the mantle consist of domains which differ in their ratio of ReLish to DM. For the Pacific Ocean basin the amount of ReLish that contributes to the Pacific MORB is relatively constant resulting in little variation in Hf isotopic composition for any given Nd isotopic ratio. Meyzen et al. [2007] in their analysis of the variability in MORB also concluded that the isotopic variability in MORB cannot be attributed solely to enriched mantle components. They observed variability with a length scale of 31°a nd 43°in MORB that is unrelated to enriched mantle components but consistent with large-scale domains in the oceanic upper mantle that are distinguished by their DM to ReLish ratio. [32] That residual lithosphere can be recognized as a component in the depleted mantle is perhaps not surprising. With the present-day oceanic crust production rate and assuming average oceanic crust represent 10% melting, a volume equivalent to that of the whole mantle has been processed through the ridge system over the age of the Earth [Salters and Stracke, 2004] . Because of its depleted character ReLish has eluded detection as its signatures can easily be swamped be the small addition of less depleted or enriched components. Especially the concentrations of Pb and Sr in the ReLish are so low that the ReLish has little leverage on the Pb and Sr isotopic compositions of the source. The Sr Figure 1 . Small black symbols are MORB data harvested from PetDB and excluding the data ridge segments from Figure 1 . Two sets of four mixing curves of hypothetical MORB sources and ReLish are indicated. The labels on the mixing lines indicate the total amount of melting (10% or 15%) and the amount of melting in the presence of garnet (0%, 5%, or 7.5%) that the RL experienced. The tick marks on the curves indicate 5% increments of RL, and the tick mark at 50% is indicated. Dark gray hatched lines connect DM1 and DM2 to which the same fraction of ReLish has been added. The tick marks on the mixing curves indicate the fraction of ReLish (up to 50% in 10% increments) in the DM-ReLish mixture.
(b) Melting model to produce parallel arrays. Bold red crosses are residues of melting of BSE in the garnet stability field 1 Gyr ago. Numbers at crosses indicate the percentage of melt extracted. Green curves with numbers are 1 Gyr old residues of continued melting in the spinel stability field after 1% and after 5% melting in the garnet stability field. Other symbols and data as in Figure 3a . Published data are referenced in Figure 1. and Pb isotopic compositions and to a lesser extend Nd isotopes of ReLish are much more sensitive to metasomatism than the Hf isotopic composition [Bizimis et al., 2007; Salters and Zindler, 1995] . Our calculations show that 2 Ga ReLish that has been depleted by 10% melt extraction will not change the Sr and Pb isotopic composition of a MORB source significantly unless it constitutes more than 80% of the source.
[33] The Hf and Nd isotope systematics of MORB suggests that there is order in the mantle heterogeneity: on a single array scale, the DM and FOZO (±EMI and EMII) are either heterogeneously distributed or heterogeneously sampled. On this local scale, domain scale of hundreds of kilometers (see Table 2 ), the amount of ReLish in the MORB source is constant. The MORB arrays are semiparallel and not focused to one Hf isotopic composition. Thus on a larger scale the amount of ReLish varies. Adding ReLish to an array of MORBs will result in an offset of the array toward higher Hf isotope values, but the array will be parallel to the original array as long as the proportion of ReLish is similar in each mixture (see Figure 3 ).
[34] Hanan and Graham [1996] argued that MORB form linear arrays in Pb isotope space that converge at one composition which they called the common component "C." This observation is not necessarily in contradiction with our findings. As noted above, residual lithosphere is depleted in U, Th and Pb with the residues having far less than 1% of the original concentrations. Therefore, the Pb isotopic composition of the residual lithosphere has very little leverage on the Pb isotopes of MORB even though the source might contain 30%-50% of residual lithosphere. [35] The systematics of the Hf-Nd heterogeneity, however, also brings the question of what mechanism can achieve this systematic mixing. The above model would argue that the proportion of ReLish would in the asthenosphere is constant on a local (segment) scale. The uniform presence cannot significantly disturb the original heterogeneity that forms the original array. Or, in other words the source for each sample on the array is mixed with the same amount of ReLish, but individual samples on the array are not mixed with each other.
[36] One possibility to create the "local" array is if the local vector is the result of incongruent melting of a mixture. A heterogeneous mixture of several components with different solidi will result in varying contributions to the melt depending on the exact P-T path. Depending on the path taken the contribution from the different components will be slightly different [Ito and Mahoney, 2005; Phipps Morgan, 1999; Stracke and Bourdon, 2009] . The contribution of the ReLish component is a constant perhaps because as a refractory component it does not simply melt, but the trace elements are extracted by melt-rock reaction as the melts migrate through ReLish. [37] A second way to explain the parallel arrays is by systematic variations in the way the MORB reservoir was formed. Melting in the presence of garnet compared to melting in the absence of garnet affects the Lu/Hf ratio more than the Sm/Nd ratio [Salters and Hart, 1989] . Ancient residues of melting in the spinel stability field will form an array in Hf-Nd space that is parallel to the MORB arrays. With Bulk Silicate Earth as initial composition ancient residues of melting in the spinel stability field would lie along the low-176 Hf/ 177 Hf edge of the MORB field. Ancient residues of melting in the presence of garnet would lead to higher 176 Hf/ 177 Hf values. The Hf isotope variations on the low-143 Nd/ 144 Nd edge of the MORB field could thus reflect ancient residues of melting with varying amounts of melting in the presence of garnet. A "local" array of MORB could thus reflect a range of residues of a two-stage melting process: a first stage of melting in the presence of garnet followed by a second stage of melting in the absence of garnet. The range in isotopic compositions of an array thus reflects a range of melting in the spinel stability field of material that has been previously depleted in the garnet stability field. One can envisage that this is similar to what takes place underneath a present-day mid-ocean ridge system where the mantle that rises directly under the ridge axis undergoes the largest degree of melting while the mantle that rises off axis undergoes a smaller degree of melting, but still starts melting at the same depth as the "on-axis" mantle. This suggests that the parcel of mantle that makes up the array has been a relatively coherent unit since its last depletion and that a "local" array represents range of residues of similar age. [38] We have modeled this process (see Figure 3b ) and the MORB composition that constrains the model the most is the high-176 Hf/ 177 Hf-low-143 Nd/ 144 Nd corner of the MORB field as this point requires the largest contrast between Lu/Hf and Sm/Nd behavior. To reach this composition we had to adjust the melting model used to calculate ReLish compositions slightly. The most important difference is the residual porosity, i.e., amount of melt that is not extracted. For this model the residual porosity had to be increased to 2%, which appears large considering that melts can separate at much smaller melt fractions [McKenzie, 1985; Zhu et al., 2011] . The Lu/Hf fractionation can be adjusted by the amount of garnet present, but the Sm/Nd fractionation is muted more by higher porosity. Furthermore, we had to make some other minor changes to the partition coefficients and modes. The details of the melting models are in Table A1 . We were able to reach the high-176 Hf/ 177 Hf-low-143 Nd/ 144 Nd corner of the MORB field by a 4% depletion of a Bulk Earth source 1 Gyr ago (see Figure 3b ). The residues of up to 2% further melting in the spinel stability field at 1 Ga will create an array. The low-176 Hf/ 177 Hf-low-143 Nd/ 144 Nd corner of the MORB field can be formed by a residues of 1% melting in the garnet stability field followed by 1% melting in the spinel stability field; all melting at 1 Ga. An individual array represents a 2% range in degree of melting. If the arrays of the most and least radiogenic Hf isotopic compositions are formed by fractionation from a common source than this fractionation event has to be at least 1 Ga in age. A younger age does not allow enough time to grow in the difference in Hf isotopic composition between the arrays. [39] It is expected that melting results in a variably depleted residue; residual abyssal peridotites show a large range in degree of depletion as measured by either Ce/Yb or Ti/Zr, even from a single location [Hellebrand et al., 2002; Johnson et al., 1990; Johnson and Dick, 1992] . Thus melting creates local-scale heterogeneities. The observations suggest that this local variation, once created, is able to remain cohesive on the time scale of at least a billion years. [40] One would expect that the high-176 Hf/ 177 Hf arrays which have undergone a higher degree of melting than the low-176 Hf/ 177 Hf arrays; 4%-6% versus 2%-4%, respectively, would show more depleted Sr and Pb isotope signatures. This is not observed, however, because the parent elements in these systems are more incompatible than the daughter elements and the system is more sensitive to the timing of the depletion than to the relatively small difference in magnitude. [41] It is difficult to distinguish between the two proposed options for the parallel local arrays. Both models predict a more depleted character for the high-176 Hf/ 177 Hf arrays, both require ancient residues. Corroborating evidence can perhaps be found in trace element and isotope systematics of abyssal peridotites as one would expect to be able to recognize the ReLish component by a strongly depleted trace element characteristics associated with an ancient Os isotope signature.
Ocean Island Basalts
[42] All OIB suites show a good correlation between the Hf and Nd isotope compositions (see Figure 2 ). However, there are significant differences in the slopes of the individual basalt suites in Hf-Nd isotope space. Regression parameters of the data suites for the individual hot spots and the uncertainty in the slope at the 95% confidence level are given in Table 1 . Vervoort et al. [1999] observed that the Hf-Nd array formed by terrestrial samples (OIB, sediments, island arc volcanics and continental igneous samples) is similar to the slope of the array for OIB: 1.36 and 1.33, respectively. Now, a decade later, the slope of that array has not changed significantly and the OIB slope is also shown in Figure 2 .
[43] OIB arrays with an EMI-like end-member [Zindler and Hart, 1986] (Walvis Ridge, Tristan da Cunha, Gough Island, Ko'olau and Pitcairn) have similar enriched end-member compositions but have significantly different slopes in Hf-Nd isotope space. Furthermore, Samoa, which defines EMII mantle, has a similar slope array as Pitcairn, which typifies EMI. Walvis Ridge basalts and Pitcairn basalts, which together define the EMI endmember, have statistically different slopes. This shows that the difference in slope of the basalt provinces has to be related to differences in the composition of the component with the radiogenic Hf and Nd isotope ratios. [44] There are two plume provinces where the Hf and Nd isotopes deviate significantly from the OIB array: the HIMU basalts from the Cook Austral Island chain, which most likely represents several hot spot tracks. The basalts from the islands of Tubaii, Rurutu, Mangaii and Rimitara which have the most pronounced HIMU character form a trend below the OIB array that curves inward to the OIB field at radiogenic Nd. The unradiogenic end of this trend is identified as the HIMU component, the slope of the unradiogenic end of the trend is among the steepest observed for OIB, but the curving upward at the radiogenic end is not observed anywhere else and indicates the existence of at least three components for this suite. The remainder of the Cook-Austral basalts shows a good correlation between Hf and Nd isotopes (see Table 1 ). The basalts from the Azores are unique in that their most unradiogenic compositions are on a trend that clearly does not trend toward one of the mantle end-members (EMI, EMII or HIMU). The array end at the lower end of the OIB array and has a relatively steep slope (see Figure 2 ). Both Elliott et al. [2007] and Beier et al. [2007] concluded that the unradiogenic component is an ancient recycled melt that was partially generated in the garnet stability field. The steepness of the slope of the Azores array and the location of the unradiogenic end determine the need for the presence of garnet. Below we will explain another possibility for the slope of the Azores array. The location of the unradiogenic end, which is below the line formed by the HIMU-EMI end-members indicates a mantle composition unrelated to EMI and HIMU alone.
[45] The range of Hf isotope compositions for OIB is larger at the radiogenic Nd end of the array compared to the unradiogenic end; similar to what is observed for MORB, but less pronounced. This is opposite to what is expected based on the Pb-Sr-Nd isotope variations, where it seems that the arrays for individual OIB provinces all seem to be directed to a relatively narrow compositional range termed FOZO [Hart et al., 1992] or "C" [Hanan and Graham, 1996] at the radiogenic Nd end of the spectrum. The OIB variations again show that the Hf isotope system provides additional information not available from the other isotope systems. Considering that the MORB field also shows a large range in Hf isotopic compositions for a given Nd isotopic composition the cause for these variations could be similar. However, that is not to mean that a FOZO-like component is not involved, but that the radiogenic Nd end of the OIB array is a mixture of FOZO and a more depleted source component [Stracke et al., 2005] . This depleted source component is unrecognizable in Pb-Sr-Nd isotope space, because of its depleted character, but is recognizable when Hf isotopes are considered. [46] If the slopes of the Hf-Nd arrays for OIB are extrapolated to more radiogenic, MORB-like, 143 Nd/ 144 Nd values, the extrapolated 176 Hf/ 177 Hf values fall within the range of MORB compositions between " Hf of 17 to 32 (Table 1) . The OIB arrays from the Pacific basin Hawaii, Samoa, Galapagos, Cook-Austral and Pitcairn all have extrapolated " Hf values below 24, i.e., in the range of the Pacific MORB. The OIB arrays from the Indian and Atlantic basin have extrapolated " Hf values above 26, i.e., similar to Atlantic and Indian MORB and distinct from Pacific MORB. Even when the uncertainties on the slopes are taken into account there is a clear difference between Pacific OIB arrays and Atlantic and Indian OIB. This is consistent with our observations on MORB that indicates large length-scale heterogeneity related to different amounts of ReLish in the asthenosphere. It also indicates that the radiogenic Nd ends of the OIB arrays are "contaminated" with MORB-like material [see also Stracke et al., 2005] . A similar conclusion on the involvement of MORB material [Hart et al., 1992] . However, this need not be the case as FOZO is considered to be a ubiquitous component and thus residual lithosphere and FOZO both occur in the same location in the mantle. Stracke et al. [2005] distinguish two groups of OIB those of HIMU type and those with compositions that form an array starting from a depleted mantle-FOZO array toward more enriched compositions. The more unradiogenic Nd MORBs overlap with FOZO. Figure 3 shows that the addition of ReLish to the unradiogenic Nd end of the MORB field results in a large variation in Hf isotopic composition. However, Sr and Pb isotopic compositions and to a lesser degree the Nd isotopic composition are not changed significantly when the ReLish addition is less than 80%.
[47] Last, as previously noted for Sr, Nd, and Pb space [Stracke et al., 2005] there are no arrays that point directly to a HIMU composition. Assuming HIMU is recycled oceanic crust, this would argue that recycled oceanic crust is not sampled as a "pure" component in the source of most OIB, but is always combined with other components.
Appendix A [48] The melting models to produce ReLish (Figure 3a ) and the range of compositions of the MORB field ( Figure 3b ) require different parameters, both partition coefficients and porosities. These details of the models are documented in Table A1 .
